We present a new abundance analysis of HD 55496, previously known as a metal-poor barium star. We found that HD 55496 has a metallicity [Fe/H] = −1.55 and is s-process enriched. We find that HD 55496 presents four chemical peculiarities : (i) a Na-O abundance anti-correlation; (ii) it is aluminum rich; (iii) it is carbon poor for a s-process enriched star and (iv) the heavy 2 nd s-process peak elements, such as Ba, La, Ce, and Nd, present smaller abundances than the lighter s-process elements, such as Sr, Y and Zr, which is not usually observed among the chemically-peculiar binary stars at this metallicity. The heavy-element abundance pattern suggests that the main source of the neutrons is the 22 Ne(α,n) 25 Mg reaction. Taken all these abundance evidence together into consideration, this strongly suggests that HD 55496 is a "second generation of globular cluster star" formed from gas already strongly enriched in s-process elements and now is a field halo object.
INTRODUCTION
It is well known that "second generation of globular cluster stars" present an anti-correlation of the abundances among the light elements, such as a depletion of carbon, oxygen and magnesium accompanied by an overabundance of other light elements, such as sodium, aluminum and nitrogen (e.g. Shetrone 1996 , Carretta et al. 2010 , just to name a few of the many works dedicated to investigate the chemical abundances in globular clusters).
Such abundance pattern or the anti-correlations between these abundances have not been observed in the past among the stars of the halo of low metallicity. Thus, any star found in the field halo in the Galaxy presenting such abundance pattern could be considered as a second generation candidate star of a globular cluster that has escaped from the cluster (Fernández-Trincado et al. 2016 , Carretta et al. 2010 . Finding these kind of stars within field halo of the Galaxy is not an easy task and few of them have been found in the last years, thanks to large spectroscopic surveys (Ramírez et al. 2012; Schiavon et al. 2017; Fernández-Trincado, 2016 , 2017 , Martell et al. 2016 , and to photometric plus dynamical analysis searching for tidal debris from ω Cen (Majewski et al. 2012) .
In this work we present a new abundance and dynamical analysis of the star HD 55496.
This star, first noticed as a barium star by MacConnel et al. (1972) and later classified as a "metal-poor barium star" by Luck & Bond (1991) , was observed during the high-resolution spectroscopic survey dedicated to investigate and to determine the heavy-abundance abundance pattern of a sample of barium stars. Barium stars represent among the chemically peculiar stars the largest sample, and therefore they are useful targets to constrain nucleosynthesis process in the asymptotic giant branch (AGB) stars (de Castro et al. 2016 , Cseh et al. 2018 . Being a barium star, HD 55496 should also be a binary star, but analysis of radial velocity data collected over 14 years were inconclusive (Jorissen et al. 2015 ).
As we shall see, HD 55496 is an atypical object to be classified as a barium star. Not ⋆ Based on the observations made with the 2.2m telescope at the European Southern Observatory (La Silla, Chile) under the agreement between Observatório Nacional (Brazil) and European Southern Observatory (ESO) † E-mail:claudio@on.br ‡ E-mail:drake@on.br § E-mail:froig@on.br only due to the inconclusive results of the radial velocity variation, but also due to its peculiar chemical abundance of the elements created by the s-process and the high sodium and aluminum abundances. This chemical peculiarity, turns HD 55496 to be an attractive object for an investigation whether it can be a "second generation of globular cluster star" which is now a field halo object.
This work is organized as follows: In Section 2 we describe the observations. In Section 3 we describe the determination of the atmospheric parameters and the chemical abundances.
In Section 4, we discuss the results obtained for the luminosity, for the radial velocity, for the chemical abundances and for the kinematical analysis. Finally, our conclusions are presented in Section 5.
OBSERVATIONS
The high-resolution spectrum of HD 55496 was obtained with the FEROS (Fibre-fed Extended Range Optical Spectrograph) echelle spectrograph (Kaufer et al. 1999 ) at the 2.2 m ESO telescope in La Silla (Chile), during the night of April 3, 2007. The exposure time for this observation was 900 sec. Technical details about the FEROS spectrograph is reported in Santrich et al. (2013) .
Since HD 55496 has a high sodium and aluminum abundance it is important to compare the spectrum of HD 55496 with another star whose atmospheric parameters are similar to that of HD 55496 and not either sodium nor aluminum enriched. In this case, the differences in the strengths of absorption lines of sodium and aluminum between the two stars will be only due to a high abundance of sodium and aluminum in HD 55496. Figures 1, 2 and 3 show the spectra of HD 55496 in the spectral regions of the interest of the present work, that is around the Na i and Al i absorption lines in comparison with the spectrum of CD-27
• 8864.
CD-27
• 8864, is a metal-poor star with similar effective temperature (T eff = 4 650 K), surface gravity (log g = 1.6), iron abundance ([Fe/H] = −1.54), and microturbulent velocity 1.6 km s −1 analyzed in Pereira et al. (2019) .
ANALYSIS

Atmospheric Parameters
For the determination of the atmospheric parameters it is first necessary to measure the equivalent widths of the absorption lines of Fe i and Fe ii. The absorption lines selected for Figure 1 . Spectra of HD 55496 and CD-27 • 8864 between 5680 and 5690Å . Vertical lines represent the transitions of Na i 5682.65, Sc ii 5684.20, Fe i 5686.54 and Na i 5688.22Å . We show the spectra of CD-27 • 8864 because it has similar temperature, surface gravity and metallicity of HD 55496.
this task were selected from Lambert et al. (1996) and that was the same source of lines used in the work of Moriz et al. (2017) in the study of the CD-50
• 776 recently identified as a new CEMP-s. 1 Table 1 shows the values of the equivalent widths of the Fe i and Fe ii absorption lines with their respective excitation potentials (χ in eV) and the log gf values of the transtions. The equivalent widths were determined using the splot task in IRAF by adjusting Gaussian profiles to the observed profiles. In addition, the determination of the stellar atmospheric parameters, such as effective temperature (T eff ), surface gravity (log g), microturbulence (ξ), and metallicity ([Fe/H]) (we
, were also done in the same way as in Roriz et al. (2017) . In brief, it consists in using the local thermodynamic equilibrium (hereafter LTE) model atmospheres of Kurucz (1993) and the spectral analysis code moog, version 2013 (Sneden 1973) . Table 2 shows the final adopted atmospheric parameters with their respective errors. Previous atmospheric parameters determination for HD 55496 were obtained by Karinkuzhi & Goswami (2015) and earlier by Luck & Bond (1991) . Our results are similar to those of Karinkuzhi & Goswami (2015) .
The errors in temperature and microturbulent velocity were estimated considering, respectively, the uncertainty in the value of the slope of the relationships between the abundance of iron, given by the Fe i lines, and the excitation potential and the abundance of iron and the reduced equivalent width. For gravity, the uncertainty was estimated considering that the difference between the Fe i and Fe ii abundances differed by 1σ of the standard deviation of the mean value of Fe i abundances. We found for the temperature, surface grav- ity and for the microturbulent velocity uncertainties of σ(T eff ) = ±70 σ(log g) = ±0.2 and σ(ξ) = ±0.3 km s −1 , respectively.
Abundance analysis
The abundances of chemical elements Na, Mg, Al, Si, Ca, Ti, Cr, Ni, Sr, Y, Zr, Mo, Ce, Nd and Sm were determined by measuring the equivalent widths of their absorption lines considering local-thermodynamic-equilibrium (LTE) model-atmosphere. We used the linesynthesis code moog, (Sneden, 1973) for the calculations and Table 3 shows the atomic lines used to obtain the abundances of the elements and Table 4 provides the results, the number of lines employed for each species, n, and the standard deviations. Our abundances were determined differentially with respect to the solar abundances of Grevesse & Sauval (1998) .
The abundances of carbon, nitrogen, oxygen and lithium were determined by means of the spectral synthesis technique. For carbon, the abundance was determined using the CH lines of the A 2 ∆ − X 2 P i system at ∼ 4365ÅḞor the determination of the abundance of nitrogen and the 12 C/ 13 C isotopic ratio, we used the 12 CN lines of the (2, 0) band of the CN red system A 2 Π−X 2 Σ in the 7994 -8020Å wavelength range. For the abundance of oxygen, we used the forbidden line at 6300.3Å where we adopted log gf = −9.72 from Allende Prieto et al. (2001) . The lithium abundance was derived using the Li i λ 6708Å resonance doublet.
The oscillator strengths and wavelengths of the CH and CN molecular lines and the Li i doublet were taken from Drake & Pereira (2008) . For the other elements which were abundances were determined using spectral synthesis, such as barium, lanthanum, and lead, the line lists were constructed using the databases of Kurucz 2 and VALD. The abundances of barium, lanthanum and lead were also determined by means of the spectral synthesis technique. The determination of barium abundance was obtained using the Ba ii lines at λ4554.0, λ4934.1 and λ5853.7 . Hyperfine and isotope splitting were taken from McWilliam (1998) and the lead abundance was derived from the Pb i line at λ4057.81Å
where the isotopic shifts and hyperfine splitting were taken from van Eck et al. (2003) . For lanthanum, the abundance was determined using the La ii lines at λ4086.7, λ4662.5, λ5114.5
and λ5303.5 where the isotopic shifts and hyperfine splitting were taken from Roederer & Thompson (2015) and Karinkuzhi et al. (2018) . . The observed spectrum of HD 55496 (red dots) and synthetic spectra in the spectral region between 4362.3Å and 4368.2Å where we can see the CH molecular lines. The lighter blue line shows the synthetic spectrum calculated without the contribution of the CH molecular lines. Blue solid lines, from top to bottom, show three synthetic spectra calculated respectively for the carbon abundances equal to logǫ(C) = 6.12, 6.62 (adopted in this work) and 7.12. Other absorptions lines are also showed. Table 5 shows the uncertainties in the abundances of the chemical elements due to errors in temperature, surface gravity, microturbulence and metallicity determined previously in Section 3.1. Abundance errors were estimated by changing these parameters individually according to the uncertainties shown in Table 2 . The uncertainties in the measurements of equivalent widths were estimated using the expression given by Cayrel (1988) . For the Feros spectrum having a nominal resolution of 48 000 and a S/N around 100, the estimated error is of the order of 3 mÅ,. These error estimates were then taken into account in the measurements of the equivalent widths of the absorption lines of the chemical elements,
Abundance uncertainties
provinding other values for the elemental abundances. The eighth column of Table 5 shows the final uncertainty due to uncertainties in atmospheric parameters (temperature, surface gravity, metallicity and microturbulence velocity), equivalent widths and the dispersion of the abundances. The total uncertainty was calculated as the root quadratic sum of each of these parameters considering that each individual uncertainty is independent. For the elements analyzed through spectral synthesis technique we used the same methodology that was used to calculate the uncertainties of the abundances obtained based on measurements of the equivalent widths. We vary the temperature, surface gravity, metallicity and microturbulence velocity and then compute independently the variation of the abundances obtained by each value. In addition, for carbon, nitrogen and oxygen, we consider that their respective abundances are interdependent, that is, the uncertainty in the determination of abundance of oxygen affects the abundance of carbon and vice-versa. The uncertainties in carbon abundance also affect the abundance of nitrogen since the CN molecule was used for the determination of nitrogen abundance. For the light elements, carbon, nitrogen and oxygen, the variations of the abundance due to changes in effective temperature, surface gravity and micro-turbulent velocities are given in Table 6 . Abundances based on molecular lines are little affected by microturbulence velocity variation because they are weak lines. As for surface gravity, the molecules can be affected since the molecular equilibrium is sensitive to the gas pressure. However, considering variations of only 0.2 dex for the surface gravity, the error introduced in abundance is not significant. In fact similar uncertainties were found by Tautvaišienė et al. (2000) . Table 5 shows the well known behavior that the neutral elements are more sensitive to the temperature variations, while singly-ionized elements are more sensitive to the surface gravity variations (Gray 1992) . For the elements whose abundance is based on stronger lines, such as strontium, yttrium and calcium the error introduced by the microturbulence is important. This is because the equivalent widths of the moderately strong lines which lie in the saturated part of the curve of growth are larger than those synthetic lines calculated considering only thermal and damping broadening. Once microturbulent velocity is introduced in the line computation, it delays the saturation of an absorption line in the curve of growth and also becomes the major source of uncertainty in the abundance analysis based in these strong lines. For stronger absorption lines with saturated cores, the wings grow increasing the line strength and become responsible for the most of their equivalent widths. Since the equivalent width is also proportional to the Doppler broadening which is related to microturbulent velocity, one should expect that microturbulence also affects the line strength.
RESULTS AND DISCUSSION
Luminosity
The luminosity of HD 55496 can be estimated based on the recently Gaia DR2 distance determination which is 494±11 pc (Bailer-Jones 2018). Considering the relationship by Alonso et al. (1999) between bolometric correction (BC) and effective temperature, BC results to be −0.38. Assuming V = 8.4 and M bol⊙ = +4.74 (Bessel, 1998) , we obtain log (L ⋆ /L ⊙ ) = 2.14 -2.38 or L ⋆ = 140 -240 L ⊙ . This range in luminosity is due to uncertain interstellar absorption because the relatively low galactic latitude (b = −5.96 • ) of HD 55496. In fact, using the cal- Table 5 . Abundance uncertainties for HD 55496. Second column gives σ logε = σ obs / √ n where n is the number of absorption lines used for the abundance determination. See fifth column of Table 4 for the values of σ obs . Columns 3 to 7 give the variation of the abundances caused by the variation in T eff , log g, ξ, [Fe/H], and equivalent width measurements (W λ ), respectively. The 8th column gives all the uncertainties quadratically combined from the 3rd to 7th columns. The last column gives the abundance dispersion observed among the lines for those elements with three of more lines available as already shown in Table  4 Table 6 . Abundance errors for the elements C, N, O of HD 55496. ibrations between A V , galactic coordinates and distances given by Chen et al. (1998) , we obtain A V = 0.16 or 0.61.
The luminosity above obtained is not enough for a star develop helium-burning through the thermal pulses during AGB phase and then becoming a star rich in elements formed by slow neutron capture. Theoretical calculations show that for a star to develop the first thermal pulse the required luminosity should be around 1 800 L ⊙ (Lattanzio, 1986) or 1 400 L ⊙ (Vassiliadis & Wood, 1993) .
We can also estimate the distance through the derived effective temperature and surface gravity. The relation between the distance of a star to the Sun, r, and its temperature, gravity, mass, V magnitude, bolometric correction (BC), and interstellar absorption (A V ), is given by:
Using the values of the temperature and surface gravity given in Table 2 Table 7 shows all known measurements of radial velocity of HD 55496 available in the literature and determined in this work. We determined the radial velocity measuring the Doppler shifts of selected absorption lines. It is not clear whether the radial velocity of HD 55496 presents variations due to orbital motion. A similar conclusion has already been raised by Jorissen et al. (2005) . In Figure 7 we show the radial velocity measurements obtained by Jorissen et al. (2005) where we also include our value of 315.63±0.23 km s −1 . It seems that there is no significant variation of the radial velocity. Systematic radial velocity monitoring is necessary to confirm the possible binary nature of HD 55496. If HD 55496 would indeed be a binary star, the observed s-process overabundance could be due to a mass transfer happened in the past, since HD 55496 is not luminous enough to be an AGB star.
Radial Velocity
Elemental Abundances
In following Subsections we discuss the abundance pattern of HD 55496 comparing it with previous studies done for some stars in the halo and globular cluster stars, and also with the other chemically peculiar stars where heavy-element overabundances have already been reported in the literature. Figure 8 shows the abundance pattern of HD 55496 for all the elements analyzed in this work.
4.3.1 Carbon, Nitrogen, Lithium and the 12 C/ 13 C isotopic ratio
As shown in Table 4 , the carbon abundance is low compared to a s-process enriched star Clegg et al. 1981; Tomkin & Lambert 1984; Carbon et al. 1987) . As a star becomes a giant, nuclear processed material by the CN cycle which creates more 14 N and more 13 C relative to 12 C, due to the deepening of its convective envelope, is brought from the interior to the outer layers of the star changing the surface composition.
The excess of C+N is the difference between the total C+N abundance and the expected primordial value. In non-evolved stars, the abundance of nitrogen scales with the iron abundance that is for metalicities between +0.3 and −2.0, therefore the [N/Fe] ratio is basically zero (Wheeler et al. 1989 ). For carbon we used the trend between the [C/H] Masseron et al. (2006) . In HD 55496, the (C+N) abundance sum shows an enhancement of ∼1.1 dex compared to stars with similar metallicity, which is seen in Figure 9 notwithstanding the low carbon abundance. The value of (C+N) means that the star did not experience the triple-alpha process which would result in the carbon enhanced (see Table 4 ). Therefore, HD 55496 is not at the AGB phase, a conclusion already obtained in Section 4.1. In addition, the C/O ratio, which is 0.15, gives another evidence that HD 55496 is not carbon enriched.
Nitrogen can be enhanced through two mixing episodes, cool bottom processing (CBP) (Wasserburg et al. 1995) 4 or hot bottom burning (HBB) (Sackmann & Boothroyd 1992) Lithium can also be enhanced thanks to these two mixing process, but as seen in Table 4 , lithium is not enhanced. The absence of a high lithium abundance rules out CBP, since Sackmann & Boothroyd (1999) showed that CBP can account for the high lithium abundances.
Therefore we should consider HBB as the source of the abundance peculiarities. In Section 4.3.2 we will also provide further support for this conclusion based on the analysis of the abundances of the elements sodium and aluminum.
high enough for proton-capture nucleosynthesis occurring at the base of the outer envelope favoring the conversion of carbon to nitrogen through the CN-cycle. 
Sodium, Aluminum, α-and iron peak elements
In this Section we comment on the abundances of sodium, aluminum elements, alphaelements and iron-peak elements in comparison with field halo stars and globular cluster stars. Inspecting Table 4 , the chemical abundances of HD 55496 present an interesting aspect concerning the abundance of Na and Al. The abundance of these elements is higher compared with field stars of similar metallicity (Norris et al. 2001; Carretta et al. 2010 ).
In field halo stars with metallicities down to −1.0, the [Na/Fe] ratio is not higher than +0.5 (Timmes et al. 1995) . However there are some exceptions, a few stars having [Na/Fe] ratios between +0.6 and +0.7 (Roederer et al. 2014) . It is therefore possible that they may represent a population evaporated from globular clusters. 
The s-process elements
One of the most interesting aspects of the abundance pattern of HD 55496 for a star to be considered as a "escaped globular cluster star" is the abundance of the s-process elements.
From This explains why HD 55496 was previously classified as a barium star by several authors (MacConnell et al. 1972; Bond 1974; Catchpole et al. 1977; Lu et al. 1979; Sneden 1983; Luck & Bond 1991; Karinkuzhi & Goswami 2015) .
According to model predictions by Busso et al (2001) , for metallicities between −0.5 and −2.0 for a 1.5 M ⊙ AGB star and for metallicities between −0.5 and −1.0 for a 3.0 M ⊙ AGB (2003) and Thompson et al. (2008) . TYC-5619-109-1 is represented by green circle.
were responsible for the production of the elements created by s-process during the time of formation of HD 55496 in a globular cluster.
Kinematics and Dynamical Origin
In order to investigate whether HD 55496 is a bound or unbound object to the Galaxy and also to investigate the globular cluster origin of HD 55496 we should first not only compare its velocity in the Galactocentric Reference Frame system (V GRF ) with the escape Galactic velocity but also to perform a dynamical analysis of its orbital evolution.
Knowning the distance, the proper motion and the radial velocity of HD 55496 we are able to calculate the space velocity components (U 0 ,V 0 ,W 0 ) using the algorithm by Johnson & Soderblom (1987) . We also consider the peculiar solar motion of (8.5, 13.4, 6.5) km s −1 , as derived by Coşkunoglu et al. (2011) and the proper motion of HD 55496 taken from Høg et al (2000) . A Galactocentric solar distance of 8.5 kpc and a local standard of rest (LSR) rotation velocity relative to the GRF of 220 km s −1 was adopted in our calculations. The Table 8 . Probabilities for HD 55496 to have a close encounter with a globular cluster within a given distance in terms of the cluster tidal radius, rc. Only the four clusters with the largest probabilities are reported, together with the corresponding average encounter velocities venc. Cluster iron abundances are from Kharchenko et al. (2013) results for U 0 ,V 0 ,W 0 are respectively 130.0 km s −1 , −55.3km s −1 and 4.4km s −1 . Considering the uncertainty of 11 pc in the distance (Section 4.1), we obtain a modulus of the star velocity in the GRF of V GRF = 141±0.5 km s −1 . This velocity is much lower than the escape Galactic velocity of V esc = 532 km s −1 , which corresponds to the value provided by the Galactic gravitational potential of Allen & Santillan (1991) at an heliocentric distance of 494 pc. Therefore HD 55496 appears to be a bound object to the Galaxy, however presents V 0 < 0, which indicate that is a halo intruder object.
We performed a numerical simulation of the orbit of HD 55496 using a Bulirsh-Stoer integrator that solves the equations of motion of the star in the potential of Allen & Santillan (1991) . The star shows a very elongated trajectory, with an eccentricity of e = 0.84. It reaches the priapsis at 0.87 kpc with a velocity of 477 km s −1 , and the apoapsis at 10.45 kpc with a velocity of 40 km s −1 . In order to check a possible globular cluster origin of this star, we applied the same procedure as in Pereira et al. (2017) . The orbit of the star was simulated over 12 Gyr into the past, together with the orbits of 142 globular clusters from the catalog of Kharchenko et al. (2013) . During the simulation, we tracked the mutual distances between the star and each cluster, and computed the encounter probabilities within a given distance d. The simulation was repeated 5000 times considering different orbital parameters for the star and the clusters within their 1σ uncertainties. Table 8 Based on high-resolution optical spectroscopic data, we presented a new chemical analysis of HD 55496, a star previously known as barium star. We determined abundances of light elements, Na, Al, alpha-elements, iron-peak elements, and s-process elements. We showed that HD 55496 is a metal-poor star characterized by an enhancement of nitrogen, sodium, aluminum and s-process elements including lead. The oxygen abundance is low when compared to field metal poor stars of similar metallicity.
Our results show that HD 55496 present a Na-O anti-correlation usually observed among globular cluster stars. The star is also aluminum rich. HD 55496 presents a ratio [Al/Mg] = +0.04 which could be classified as a value between to a primordial and intermediate globular cluster
populations according to Carretta et al. (2012) . But since the [Al/Fe] ratio is +0.76, which is a "typical" value for an intermediate population, HD 55496 owed, probably, its abundance pattern due to a different polluters (Carretta et al. 2012 ).
As was classified as a barium star, HD 55496 is s-process enriched but its heavy-element abundance pattern strongly differs from those of the low-metallicity and chemically-peculiar binary stars, in sense that the abundance of Sr, Y and Zr is higher than the abundance of Ba, La, Ce and Nd. In fact, the value of the [hs/ls] ratio is −0.50, never observed for a chemically-peculiar binary star at the metallicity of HD 55496. This suggests that the main source of the neutrons is not the 13 C(α, n) 16 O reaction but the 22 Ne(α,n) 25 Mg reaction. If this is the case, the origin of the heavy-element abundance pattern was provided by stars with masses higher than 4.0 M ⊙ , or by the intermediate mass stars which have polluted HD 55496, just like these stars were responsible for the abundances seen among the "second generation of the globular cluster stars". In the earlier paper we showed that TYC 5619-109-1 presented a chemistry that may have been formed in a globular cluster.
In addition, it was also showed that TYC 5619-109-1 is carbon poor and s-process enriched.
However, HD 55496 differs from TYC 5619-109-1 in sense that the HD 55496 seems to owe its heavy-element abundance pattern due a pollution by massive stars while for TYC 5619- 
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